Diagnostic guidelines were established for progeny testing of hereditary bovine syndactyly. Through the use of superovulation and embryo transfer, 139 fetuses were recovered at 50 to 77 days gestation. Normal (+/+, +/sy) and syndactylous (sy/sy) anatomy of Holstein fetuses was defined, and the accuracy of macroscopic versus microscopic limb diagnosis was assessed. Chondrification and ossification differences between normal (+/+, +/sy) and syndactylous (sy/sy) fetuses were only age-related. Normal (+/+, +/sy) fetal limbs differed from normal (+/+, +/sy) adult bovine limbs in two ways. Fetal metacarpal and metatarsal I11 and IV bones were not fused, and fetal metacarpal and metatarsal I1 and V bones often extended up to three-fourths the length of metacarpal and metatarsal I11 and IV bones. In syndactylous (sy/sy) fetuses, synostosis asymmetries occurred within and between fetal limbs, and between fetuses, representing variable gene expressivity. Synostosis pattern within limbs did not correspond with those of the adult bovine; the second phalangeal pair was synostotic most frequently in the fetus, followed by the first, and then the third pair. Synostosis patterns between fetal limbs agreed with those of the adult; there was a right-left and front-rear limb gradient. Partial synostoses occurred sporadically in all three paired phalanges. Those of the first and third pair always involved the tip closest to the second phalangeal pair. A unique example of variable gene expressivity occurred in one syndactylous fetus.
Both front limbs were syndactylous, while both rear limbs were normal grossly. Microscopically the right rear limb was normal while the left rear limb consisted of closely apposed phalangeal blastemata without coalescence. This supported the theory that syndactyly resulted from fusion rather than nondivision of blastemata. There was not 100% accuracy in macroscopic limb diagnosis of fetuses derived from progeny testing for bovine hereditary syndactyly; discrepencies occurred in limbs with partial phalangeal synostoses and in the limb with closely apposed phalangeal blastemata. Therefore, it is recommended that all fetuses undergo macroscopic and microscopic limb examination before a final diagnosis is reached and recommendations for breeding programs are made.
The occurrence of bovine hereditary syndactyly in US Holsteins was reported in 195 1 .2 Mode of inheritance was identified as autosomal recessive with variable expressivity and incomplete p e n e t r a n~e .~J~-~~ Syndactyly also has been reported in a variety of other cattle breeds.3,5,7x9-12, 17,21- 30 The defect has become economically important in US Holstein cattle. This resulted from widespread use of artificial insemination which readily propagated the defect; an outstanding Holstein bull was identified as heterozygous (-thy) after some 60,000 services.' Gene propagation also might have stemmed from selective advantage conferred to heterozygotes; a high number of superior bulls were selected for commercial artificial insemination. When milk and butterfat records were compared, superiority of heterozygote (+/sy) over normal (+/+) offspring was approximately 2.1 pounds of butterfat and 298 pounds of milk." The possibility of propagating this defect has increased even more because of the growing interest in embryo transfer. Syndactyly is now consid-ered one of the most common genetic defects of cattle in the United States.I7J0
In the past, heterozygous Holsteins have been identified through test matings to known heterozygotes, daughters, daughters of known heterozygotes, and syndactylous cattle. Calves were carried to term, which resulted in a sizeable time investment and expense.8,22
The current method of progeny testing is quicker and more economical because it employs superovulation of affected animals (sy/sy), embryo transfer, and fetal recovery by 60 days when fetal offspring are analyzed for the syndactylous phenotype. A minimum of seven phenotypically normal fetuses must be produced before the suspect parent can be proven free of the syndactylous gene with 99.6% accuracy.8,22 Although this test is a more powerful diagnostic tool, no definitive diagnostic guidelines have been established for interpretation of fetal limbs. The purpose of this paper is to establish guidelines by defining the normal and syndactylous anatomy of Holstein fetuses and assessing the accuracy of macroscopic versus microscopic descriptions of these limbs.
Materials and Methods
Seventeen Holstein bulls and eight Holstein cows suspected ofbeing heterozygous (+/sy) for syndactyly were progeny tested using techniques of embryo transfer and preterminal gestation cesarean section as described before.8122 Test matings were conducted between suspect (+/?) animals and unrelated syndactylous (sy/sy) animals. Ten syndactylous females and eight suspect cows served as embryo donors. Syndactylous phenotypes varied from one to four syndactylous feet.
Superovulation was induced with a series of follicle-stimulating hormone (FSH) injections given 9 to 14 days after normal estrus. Estrus synchronization with grade Holstein recipient females was achieved with an injection of prostaglandin (Lutalyse, UpJohn Co.) given on the third or fourth day of FSH treatment. Only females that had palpable corpora lutea and were in estrus within 24 hours of donor cow estrus were used as recipients.
Semen from 17 suspect bulls and two syndactylous bulls was used to breed syndactylous (sy/sy) and suspect embryo donor cows, respectively. Four to six 0.5 ml straws of semen (Select Sires Inc., Plain City, OH) were used to artificially inseminate each superovulated donor cow.
Embryos were recovered nonsurgically on the seventh or eighth day after onset of estrus. A two-way Foley catheter was passed through the cervix and into the uterus. Total uterine recoveries were performed using 1,000 to 2,200 ml of Dulbecco's phosphate-buffered saline solution (Grand Island Biological Co., Grand Island, NY) warmed to 38 C.
Embryos were removed from the recovery solution with the aid of a stereomicroscope.
Before transfer to recipients, 194 embryos were examined at 8 4~ magnification and classified according to stage of development (morula, early blastocyst, expanded blastocyst, or hatched blastocyst) and quality (excellent, good, or poor). Embryos were transferred into recipients' uterine horns via a flank incision (approximately 12 cm) on the side adjacent to the corpus luteum. One to three embryos were transferred per recipient. Number, quality, and location of each transferred embryo were recorded carefully. One-hundred and twenty-six fetuses were removed from recipients 60 to 77 days after transfer by means of standing procedure for cesarean ~e c t i o n .~.~~ All four feet were examined for syndactyly and fetal sex was recorded. All fetuses were fixed in 12% neutral, buffered formalin for subsequent study.
Thirteen homozygous normal 50-day-old fetuses were acquired from an unrelated experiment which involved test matings between normal (+/+) bulls and cows. These fetuses were fixed in 10% neutral, buffered formalin, and served as baselines for interpreting histologic findings of grossly normal (+/sy) and syndactylous (sy/sy) fetuses derived from progeny testing for bovine hereditary syndactyly.
A total of 139 fetuses (13 +I+, 86 +/sy, 40 sy/sy) were used in this study. All four limbs were transected slightly below or at the carpusharsus and embedded in paraffin so that palmar/plantar surfaces were sectioned initially. Sec-tions were cut at 6 pm and stained with hematoxylin and eosin (HE). Fetal limbs were analyzed microscopically for the following morphologic abnormalities: proximal, middle, and distal phalangeal synostoses; reduced proximal sesamoid number; distal trochlear modifications; well-developed rudimentary digits; well-developed metacarpaVrnetatarsa1 I1 and V bones; metacarpal/metatarsal I11 and IV synostoses; and carpaVtarsa1 synostoses. In addition, normal (+/+; +/sy) fetal anatomy was recorded and accuracy of macroscopic versus microscopic limb diagnoses was assessed.
Results
Limb development of thirteen 50-day-old control fetuses consisted of mesenchymatous and cartilaginous models; carpal and tarsal bones, diaphyses of metacarpal and metatarsal I1 through V bones, and proximal and middle phalanges were cartilaginous whereas their proximal and distal ends and the proximal sesamoid bones were mesenchymatous. Metacarpal and metatarsal I11 and IV bones were not fused and contained diaphyseal centers of partially mineralized cartilage surrounded by a thin collar of intramembranous bone. Distal tips of the third phalanges also had small areas of mineralized cartilage and osteoid. Metacarpal and metatarsal I1 and V bones were relatively long, often extending up to three-fourths the length of metacarpal and metatarsal I11 and IV bones.
Eighty-six fetuses were derived from Holstein suspects proven free of the syndactylous gene (sy), the youngest fetuses were 60 days old. All fetuses were heterozygous (-thy) and normal anatomically, both grossly and microscopically (Figs. 1, 2). Developmental differences between the normal 60-day fetuses and the 50-day-old control fetuses consisted of more extensive diaphyseal cartilage mineralization and early marrow cavity formation without hemopoietic cells in metacarpals and metatarsals I1 through V, more extensive cartilaginous trabeculae and osteoid in the distal third phalanges, and thicker eponychium. These differences were more apparent with increasing age. The oldest heterozygote (77 days old) had well-developed metacarpal and metatarsal I1 through V diaphyseal marrow cavities (without hemopoietic cells) with sparsely distributed mineralized cartilaginous trabeculae and surrounding osteoid, cartilaginous trabeculae and early bone formation with surrounding osteoid in the distal third phalanges, and extensive eponychium development. Metacarpal and metatarsal I11 and IV bones were not fused. The same age-related changes were present in homozygous (sy/sy) fetuses.
Unlike control and heterozygote (-thy) fetuses, all homozygous (sy/sy) fetuses had structural anomalies (Table 1 ). Syndactylous limbs were grossly thicker dorsopalmarly and dorsoplantarly and compressed laterally ( Fig. 3) . Hoof conformations varied from a grossly normal interdigital cleft (Fig. 4) , a shallow cleft (Fig. 
5) that partially divided the toes, or no interdigital cleft.
In those animals exhibiting syndactyly, the right front limb was always syndactylous, followed in frequency by the left front limb, right rear limb, and left rear limb.
Frequency and severity of microscopic synostoses and associated anomalies followed a similar pattern (Tables 2, 3). The right front limb was always affected and often contained the most extensive horizontal pha-langeal and metacarpal I11 and IV synostoses. When two limbs were syndactylous, the right and left front limbs were always affected. When three or four limbs were syndactylous, the front limbs were affected more severely; phalangeal synostoses were more extensive (Fig. 6) and well-developed metacarpal I1 and/or V bones, well-developed rudimentary digits I1 and V, proximal sesamoid reductions (Fig. 7) , and carpal synostoses were always confined to the front limbs.
Modification of distal metacarpal or metatarsal trochlea occurred most frequently in the right front limb followed by the left front limb, right rear limb, and left rear limb. They resulted from distal synostosis of metacarpal or metatarsal I11 and IV bones. Modification consisted of one trochlea with two sagittal ridges.
Well-developed metacarpal I1 and V bones could be identified only when true joint formation occurred with rudimentary digits I1 and V. It was accompanied by well-developed rudimentary digits I1 and V in one fetus; the digits consisted of two elongated, articulating phalanges which were narrower than syndactylous phalanges of digits I11 and IV.
Phalangeal synostoses were always confined to the third and fourth digits and were characterized by partial or complete horizontal synostoses of paired phalanges. There was a trend in the frequency and severity of phalangeal synostoses within a limb. An affected right front limb always had complete synostoses of all three paired phalanges. If the left front limb, or right or left rear limb was syndactylous, the second phalanges were most frequently synostotic (Fig. S) , followed by the first and then the third phalanges. Partial synostoses occurred in the left front limb of three fetuses and the left rear limb of one fetus. Those of the first and third phalanges always involved the phalangeal tip closest to the second phalanx; the proximal tip of the third phalanx and the distal tip of the first phalanx ( Fig. 9) .
A unique phalangeal conformation was present in the left rear limb of one fetus with syndactylous right and left front limbs. The limb was normal grossly, but microscopically the first, second, and third phalanges were apposed horizontally more closely than normal ( Fig. 10) . No synostoses were seen, but the first phalanges were parallel to each other rather than diverging at an angle. This resulted in more closely apposed second and third phalanges. There were no discrepancies between final macroscopic and microscopic diagnoses of fetal syndactylism, but several individual limb macroscopic diagnoses were misinterpreted as normal within four syndactylous fetuses. In all four cases, third phalanges were normal while the first and/or second phalanges were partially or totally syndactylous. Grossly, the depths of interdigital clefts varied from shallow to normal. This conformation was not consistently misinterpreted throughout the study; fetal numbers 76 and 123 had an affected left front limb and left rear limb, respectively, and were grossly characterized as syndactylous due to notably shallow interdigital clefts.
Discussion
Chondrification and ossification differences between 50-day-old control fetuses, heterozygous (+/sy), and (syhy) adult bovine. In a previous study of osteologic anomalies in 5 3 syndactylous adult Holstein cattle, well-developed metacarpal or metatarsal I1 and V bones ranged from minimally elongated to those extending the entire length of the large metacarpal or metatarsal bone and articulating with rudimentary digit^.'^ In this study, well-developed fetal metacarpal and metatarsal I1 and V bones could be identified only when they articulated with rudimentary digits I1 and V because they normally extended up to three-fourths the length of metacarpal and metatarsal 111 and IV bones. Welldeveloped metacarpal and metatarsal I1 and V bones and well-developed rudimentary digits I1 and V seen in this study have been reported in other syndactylous animals, including the feline,6 bovine,15 and white leghorn chicken.33 These anomalies represent a tendency toward p o l y d a~t y l y .~J~,~~ Premature fusion of metacarpal and metatarsal I11 and IV bones occurred frequently in fetal syndactylous limbs and varied in severity as well as location. In one fetus (number 74), diaphyses of the left front metacarpal I11 and IV bones were fused horizontally whereas other syndactylous fetuses often had distal or complete synostoses of metacarpal or metatarsal I11 and IV bones. This supports previous findings that synostoses often begin proximal to the ~ha1anges.l~ The most proximal synostoses involved the ulnar and intermediate carpal bones.15
Partial synostoses within limbs were seen in metacarpal, metatarsal and phalangeal bones and indicate that the syndactylous gene (sy) exerts variable expressivity during limb development. Variable gene expressivity also was seen between limbs and between individuals; a right-left and front-rear limb gradient was present within fetuses, and the seventy of synostoses vaned between fetuses. This supports previous findings in the syndactylous adult bovine.2, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] 26, [28] [29] [30] Although the embryogenesis of syndactylism has been d e s~r i b e d ,~,~~-~~ the cause of these asymmetries is still unknown.
Phalangeal synostosis patterns within the fetal limb differed from those found in the syndactylous adult bovine. Fetal phalangeal synostoses occurred most frequently in the second phalangeal pair, followed by the first, and then the third pair whereas a decreasing frequency pattern of second, third, and first phalanges, respectively, occurred in the adult.15 It is unlikely that limb maturation could play a role in reversal of pha- Incomplete penetrance of the syndactylous gene characterized by overlap fetuses was not seen in this study, but cannot be ruled out. Adult overlap cattle have been characterized by normal external phenotypes with osteologic anomalies consisting of intermediate and ulnar carpal synostoses accompanied occasionally by well-developed metacarpal or metatarsal I1 and V b o n e~.~~J * , *~ In addition, overlap bovine embryos have been described as having closely apposed phalangeal blastemata without coale~cence.~ Although externally normal fetuses in this study did not have abnormally closely apposed phalangeal blastemata, not all could be evaluated for carpal or tarsal synostoses because some limbs were severed below the carpus and tarsus.
A unique example of variable gene expressivity occurred in one syndactylous fetus (number 142). Synostoses occurred in both front limbs while both rear limbs were normal grossly. However, the left rear limb's microscopic phenotype was the same as described previously in overlap embryos; all three paired phalanges were apposed closely without coalescence. This sup-ports the theory that syndactyly results from fusion rather than nondivision of blastemata. A previous study reported that syndactyly was a consequence of proximity between respective blastemata; metacarpal and phalangeal blastemata were deposited parallel to each other, resulting in coalescence of blastemata when surrounding mesenchymal cells migrated toward them.4 Fetus number 142 was diagnosed correctly as syndactylous based on front limb conformations, but if these synostoses had not occurred (overlap embryos), microscopic limb evaluation would be essential for correct diagnosis.
Up to now, no uniform guidelines have been set forth for positively diagnosing fetuses derived from progeny testing for bovine hereditary syndactyly. There is not 100% accuracy in macroscopic diagnosis. Misinterpretations occurred in several instances where phalangeal synostoses were confined to the first and/or second phalanges, resulting in a grossly normal or shallow interdigital cleft. Also, the limb conformation characterized by closely apposed phalanges cannot be accurately assessed by gross examination. Therefore, it is recommended that all fetuses derived from progeny testing for bovine hereditary syndactyly undergo mac- 
